








The impact of variation in chemical and physical properties of PFA and BPD semi-dry cement paste on strength properties

















The effect of  Pulverised Fuel Ash (PFA )and By-Pass-Dust (BPD) in ternary semi-dry cement pastes was reported. As well as this, the  variability over 6 months in chemical composition and particle distribution was reviewed to determine impact on strength. The addition of BPD in ternary pastes resulted in a reduced strength when combined with PFA. PFA and BPD samples obtained over a 6 month period showed variability in both  chemical composition and particle distribution. For PFA, it was reported that at 14 days the particle size distribution had greatest impact on strength and at 28 days the SiO2 content had greatest impact. The high variability in BPD particle size distribution resulted in finer particles achieving the greatest strength.




















Pulverized fuel ash (PFA) and by-pass dust (BPD) are not the primary products that are produced and therefore there is little to no control over the particle size distribution or chemical composition. Due to this, these materials have the potential to have a different chemical compositions and particle distribution not only from different sources but also from the same source over a period of time. 

PFA is made up of very fine; predominantly spherical glassy particles collected in the dust collection systems from the exhaust gases of fossil fuel power plants [1]. During the burning of coal for power stations there are two types of ashes produced, PFA is a finer particle that rises up with the flue gases and bottom ash are the heavier particles which do not rise. Out of the two ashes, PFA provides better suitability for Ordinary Portland Cement (OPC) replacement due to its finer particles and greater pozzolanic reactivity [2]. 

BPD contains more cementitious phases when compared with CKD which contains a higher amount of calcium carbonate [3]. The temperature at which the materials are obtained also has effect on the chloride salts present and therefore the Loss on Ignition (LOI), which is likely to be much lower for BPD than CKD. When analysing past literature all these factors have to be considered and if the LOI was below 10% it was assumed to be BPD, this is due to the LOI for all samples in this study being below this mark.

The influence of PFA and its mean particle size on certain engineering properties of cement composite mortars was investigated [4]. The results showed that the compressive strength increases as the mean particle diameter decreased. It was also reported that the early stage strength had the same outcome, which tends to decrease with the use of PFA. This led to the conclusion that increase in the early age strength, was due to the use of PFA that has finer particles. Lachemi et al. [5] obtained CKD (assumed to be BPD) from various sources and reported its use as a cement replacement in a controlled low strength material. It was concluded that the chemical composition influenced the fresh, hardened and durability characteristic of a controlled low strength materials and higher compressive strength was attributed to the higher free CaO content and lower LOI. 
 










2.1 Ordinary Portland cement

The OPC fulfilled the requirements of BS EN 197-1 CEM I [6] and was supplied by Hanson Heidelberg Cement group.  Table 1 shows the chemical composition of the OPC.




2.2 Pulverised fuel ash (or Fly Ash)

The PFA for this study was obtained from a member of the United Kingdom Quality Ash Association. The physical and chemical properties of the PFA(PFA-T) used in determining the effect of OPC-PFA-BPD blends and the PFA obtained over the 6 months is shown in  Table 2 and Table 3, respectively. It can be seen from Table 2 that there is a slight variability in the fineness of PFA from month to month. The difference is not large. However, this does not rule out the fact that if there were to be differences in strengths as replacement level increased, then one of the potentials factors for this could be due to samples having finer particles. Li and Wu [5] reported that average particle sizes of PFA increasing from 12.1 to 18.8 µm resulted in 28 day strengths decreasing from 36.4 to 33 MPa.  

Table 3 reports on the chemical composition of PFA samples. PFA is a popular replacement material because of its high SiO2 content which reacts with the secondary calcium hydroxide (CH) from the initial hydration process to produce Calcium-Silicate-Hydrate (CSH). The four oxides which make up over 80% of the chemical composition are SiO2, Al2O3, Fe2O3 and CaO. PFA has greater quantities of SiO2 and the maximum difference was noted between November and August, which had SiO2 quantities of 45.85% and 52.29% respectively.  The difference between largest and smallest quantity for Al2O3, Fe2O3 and CaO were 4.67%, 2.83% and 3.32% respectively. 

Table 2 and 3 show that although samples were procured from the same source there was variability in both chemical composition and fineness on a monthly basis. The reasons for this variability could be due to samples being obtained from a different manufacturing batch, new batch of raw material being burned, change in machinery setting etc.  If industry was to implement the use of these materials, this level of variability would be likely to occur and therefore it is important to note the effect the variability would have on the strength. 

Table 2 percentage of PFA passing given meshes











Table 3 Chemical composition of PFA from July to December.









2.3 By- Pass Dust 

The physical and chemical properties of BPD are reported in Table 4 and Table 5 respectively. It can be seen from Table 4 that the variability of fineness for BPD is larger than that of PFA. Table 4 shows the main difference occurs when the material is passed through the 38µm mesh, the largest differences are between the September/November and October samples at 32% and 33% respectively. 

Table 5 reports on the chemical composition of BPD samples. The chemical composition of BPD is similar to that of OPC; however BPD contained greater quantities of alkalis (pH of OPC= 11-13.5 and pH of BPD=12-14) [7] [8] and sulphur trioxide (SO3). The four oxides which make up over 80% of the composition are CaO, SiO2, K2O and SO3. BPD consists largely of CaO as it is fully calcined or calcined to a high degree. The largest difference was between July and October, which had CaO quantities of 44.03% and 53.13% respectively.  The difference between largest and smallest quantity for SiO2, K2O and SO3 was 4.58%, 5.97% and 7.18% respectively. 

The variability noted for chemical composition and fineness of BPD was larger than PFA. This is due to BPD being a defined as a ‘waste material’, while PFA is regulated [9] to a degree where it can be used as a cement replacement. This results in no control over the material that is provided for use and the variability’s stated in analysis of PFA occurring to a greater degree. 
Table 4 percentage of BPD below given meshes








Table 5 Chemical composition of BPD from July to December.











The research conducted in this study was part of a programme that was looking at concrete paving blocks. Concrete paving blocks differ from normal concrete products as they are a semi-dry blend and are compacted and vibrated simultaneously into shape. Therefore, the cementitious pastes analysed in this study were also in semi-dry form and the cubes made were solely compacted to achieve factory made consistency. The compaction load was defined by comparing results from the industry and laboratory; this resulted in an accurate reproduction process.  The following steps were taken to produce the 50 mm paste cubes, which has been adopted for casting standard paving blocks [10]. 
1.	The materials were weighed out and mixed before water was added in the mixer.
2.	The water was then added to the mix ( w/cm ratio = 0.15)
3.	It was important to note that the mix was consistent.
4.	One 50 mm cube mould was placed on top of another and fastened (Figure 1). The reason for this was because of the compaction, more material had to be inputted then what could manually be fitted into the mould to provide a 50 mm cube.
5.	 A compaction load of 52 kN for 3 min was applied to the individual cubes (Figure 2).







Figure 1 50mm molds construction                           Figure 2 50mm cube compaction at 52kN 

The curing procedure replicated the procedure by Ganjian et al. [10].  As stated, once cast the specimens were covered with a polythene sheet so that there would be no loss of water. On the next day, all samples were de-moulded and stored in curing chambers at a constant air temperature of 22 ± 2oC and 98%RH until they were ready to be tested. For  OPC, PFA and BPD blends, samples were tested at 14 days (due to manufacturers requiring early age strength) and for analysing the effect of material variability the samples were tested at 14 and 28 days.

3.1 Mix Design
The mix design for analysing OPC, PFA and BPD blends was determined by a statistical programme. The programme generated the vertices of the constrained design space (Lower Limit < Material < Upper Limit) and then calculated the centroid point up to the specified degree using Piepel’s CONAEV algorithm. From review of literature, PFA [11][12][13] and BPD [14][15] can be used effectively but the replacement levels at which they can be used varies. As the main aim was to have high levels of cement replacement the upper boundaries for OPC, PFA and BPD were 60%, 80% and 10% respectively, and all lower boundaries were 0%. Figure 3 and Table 6 show the simplex plot design and mixes determined for the boundaries set.
         Table 6 Mix design for simplex design plot




















           
The mix design for analysing the effect of material variability is shown in Table 7. In this section, PFA was used to replace cement by up to 30% by weight (PFA10= 10% by weight) in increments of 10% and BPD was used to replace cement by up to 10% by weight (BPD5=5% by weight) in increments of 5%.  The reason for producing binary mixes was to ensure that changes in strength could be attributed to the variable (In this case to PFA/BPD).
















Figure 4 Compressive strength contour              Figure 5 Splitting tensile strength contour        plot (OPC-PFA-BPD)                                                     plot (OPC-PFA-BPD)

In order to determine the accuracy of the model, the regression value was used to determine the difference between actual results and predicted results. The P-value was obtained at a 95% confidence level and a limit of 0.05 was used to help decide whether to reject or fail to reject a null hypothesis. The equations that predicted the strength F(x) and produced the contour plots for compressive strength and splitting tensile strength were:

Compressive strength
F(x) = 62.2(OPC) + 7.1(PFA) + 784.6(BPD) – 27.3(OPC*PFA) – 879(OPC*CKD)-979.9(PFA*CKD)
 Splitting Tensile Strength
F(x) = 6.1(OPC) + 0.8(PFA) + 96.3(BPD) – 1.1(OPC*PFA) –107(OPC*BPD) – 120.7(PFA*BPD)

The r2 value for compressive strength and splitting tensile strength was 0.96 and 0.95 respectively. As values were above 0.9, it was determined that the contour plots gave an accurate representation for trends to be noted and validated. The p-values with a 95% confidence level for compressive and splitting tensile strength were 0.005 and 0.02 respectively. As these values were below 0.05 it could be assumed that the hypothesis determined from the contour plots can confidently be assured.

Table 8 reports on the compressive strength at 14 and 28 days for PFA and BPD variability mixes. The compressive strength for the control mix (100% OPC) was 64.3 MPa and 70.7 MPa for 14 and 28 days respectively. The results show that as PFA levels increased the strengths decreased for all 6 months analysed. The reduction in strength is assumed to be due to SiO2. It accumulates within the inner PFA particles where it is unable to react with the excess lime from the initial hydration to produce C-S-H gel [17], resulting in a slow pozzolanic reaction and dilution effect [18]. In comparison to the control mix, no mixes containing PFA (PFA10, PFA20 and PFA30) achieved greater strengths and the sample that came closest to the control mix was the August sample at 10% replacement. BPD produced greater results than PFA and as replacement levels increased from 5% to 10% the strengths increased. The chemical composition of BPD is very similar to that of OPC; however it contains greater quantities of finer particles. It is therefore assumed that the same compounds as those produced within hydration by OPC are also produced with BPD, however with finer particles the reactivity of oxides leads to greater strengths. The greatest compressive strength was achieved with BPD10 (10% by weight replacement) in October which had strengths of 70.4 MPa and 76.1 MPa at 14 and 28 days respectively. At 28 days, all mixes containing BPD produced greater strengths than the control mix and at 14 days the mixes with the least passing through the finest mesh (38µm) (September and November) were below the strengths of the control mix.











Figures 6-9 show the correlation between SiO2/fineness and 14/28 day compressive strength for 10% PFA replacement. The fineness correlation is based on the median particle size (D50). The results show that at 14 days there was greater correlation between SiO2 (r2= 0.83) content than the fineness (r2= 0.3). At 28 days, the same conclusion could be made but this time the gap was much greater between the regression values, with SiO2 having 0.83 and fineness having 0.02. When analysing the fineness results it can be seen that results for November was a possible anomaly. If they were to be taken out the regression values for 14 and 28 days would be 0.97 and 0.05 respectively. This would have resulted in 14 day strength being a consequence of fineness and 28 day strength being due to the SiO2 content.












Figure 8 Fineness vs 14 day compressive                        Figure 9 Fineness vs 28 day compressive       strength PFA10                                                                         strength PFA10

PFA20        
Figures 10-13 show the correlation between SiO2/fineness and 14/28 days compressive strength for 20% PFA replacement. The results show that compressive strength at 14 and 28 days, the SiO2 had regression values of 0.64 and 0.69 respectively and for the fineness it was 0.26 and 0.33 respectively. The results showed at 28 days the correlation between SiO2 content and strength was not as strong as at 10% replacement and fineness correlation was slightly higher. A possible reason for this could be due to the SiO2 accumulating deeper within the PFA particles therefore needing a longer time to react with the CH to create the extra CSH gel [17]. Therefore if a greater quantity of larger PFA particles is added the fineness should have greater influence. The same anomaly noted for the November sample at 10% PFA replacement was also relevant at 20% replacement. If this value was to be taken out then the regression values for fineness against strength would be 0.91 and 0.46 for 14 and 28 days respectively. This would result in concluding, at 14 days fineness has greater effect and at 28 days the SiO2 has greatest influence. 












Figure 12 Fineness vs 14 day compressive                        Figure 13 Fineness vs 28 day compressive       strength PFA20                                                                         strength PFA20

PFA30











Figure 16 Fineness vs 14 day compressive                        Figure 17 Fineness vs 28 day compressive       strength PFA30                                                                        strength PFA30

BPD5










































The aim of this research was to see the variation in chemical and physical properties of material obtained on a monthly basis over a period of 6 months and to analyse the effect of this on the compressive strength in semi-dry cement paste and the following conclusions were drawn.

	The addition of BPD in PFA-OPC blends did not results in greater strengths and this is assumed to be due to the high SO3 content.
	For both PFA and BPD the chemical composition of the major oxides had similar variability’s over the 6 months being analysed, however the particle size distribution was much more variable for BPD than PFA.
	As PFA levels increased in replacement, the fineness of the material played a greater role in strength development, in every sample apart from the November sample at 10% and 20% replacement. The results showed that at 14 days the fineness had greater impact on strength and at 28 days the SiO2 content had greater impact on strength. 
	The high variability in BPD particle size distribution played a major role in the strength development at both 5% and 10% replacement.  The samples with finer particles produced the greatest strength and this is believed to be due to particle packing as well as finer particles having greater reactivity. 
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Figure 3 Simplex plot design for OPC-PFA-BPD blends                                                                                            


























